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ABSTRACT ‘ - T

\f>,An application of surface-enhanced Raman spectroscopy (SERS) to evaluating

the kinetics of electrochemical reactions is outlined. _This involves monitoring
the potential-~dependent SERS intensities of the adsorbed reactant at a

rotating disk electrode in a potential region where the kinetics are under
mixed mass transfer-heterogeneous electron transfer control. Comparisons

are made between the kinetic behavior extracted from the SERS intensity-
potential dependence and that obtained from the faradaic current flow. .

For Co(NH3)2f reduction at silver, where the reactant is electrostatically
attracted but not bound to the surface, the SERS and electrochemical

rate behavior is closely compatible. However, for Cr(NH3)sBr2+ and

Cr(NH NCSZ+ reduction, where the reactants bind directly to the surface

3)5
prior to electron transfer, the reactivities at the SERS-active sites
are substantially higher than for the prevalent adsorbate as obtained

eiectrocnemically. These findings suggest that surface sites displaving

efficient Raman scattering may also provide centers of catalytic activity,

*Autnhor to whom correspondence should be addressed.
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It is now well established that a variety of species when adsorbed on
certain metazl surfaces, most prominently silver, gocld, and copper, can
vield easily detectable Raman spectra as a result of surface~enhanced Raman
scattering (SERS).l This <»n eitu spectroscopic technigue is especially
appliceble to electrochemical systems; Raman signels erising entirely from
interfacial species can be obtained using cénventional cell configurations
even in the presence of substantial bulk concentrations (< 0.1 M) of the
Raman scatterer. Although considerable application to the molecular
characterization of metal-solution interfaces is envisaged, such developments
- are still in their infancy.
A key issue to be addressed in the application of SERS to surface electro-

chemistry is the correspondence between the properties of the adsorbate

melecules that contribute predominantly to the spectral signals and those

which are primarily responsible for the observed electrochemical behavior,

such as faradaic current flow. This issue is somewhat clouded by the likelihood
that the sites responsible for SERS constitute only a small minority of the
overall surface. These sites may be associated with metal clusters or other
surface morphologies.2 Thus the viability of SERS as a surface electrochHemical
technique hinges on the correlation, if any, between the chemical properties of
the SERS~active species and those of the overall adsorbate. However,
surprisingly few such comparisons have been reported.:’.7 The present communication
describes some preliminary evaluations of the electroreduction kinetics of
adsorbed species using SERS, and the comparison with the kinetics as determined
from faradaic current flow. These experiments appear to be the first application

0f SERS to electron-transfer dynamics at metal surfaces.
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we have recently been examining surface-enhanced XRaman (SER) spectra for a
variety of simple inorganic adsorbates at the silver-aqueous interfzce under

cenditions where the surface composition can be characterized by independent

~

means.” These include substitutionally inert transition-metal complexes,
especially Co(III), Cr(II1), Ru(IIIl), and Os(III) ammines, whcse surface
concentrations can be obtained in favorzble cases from the charge required to
reduce the metal cation as measured using electrochemical perturbation

techniques.””’

Suitably intense SER spectra can be obtained for a number of
such couples that are bound to the surface via bridging ligands, notably
bromide, thiocyanate, or pyrazine. We have also observed that SER spectra can
be obtained at silver for urlcund molecules, most notably metzl hexaammine
cations, when they are electrostatically attracted into the diffuse 1ayer7
(vide infra).

The occurrence of electron-transfer reactions involving such interfacial
species can readily be detected using SERS since several features of the Raman
spectra, including vibrational frequencies, are sensitive to the metal
oxidation state. Redox thermodynamic data have been obtained from potential-
dependent SER spectra for several adsorbed Ru(III)/(Il) and Os(IIX)/(II)

s 7

couples. These data are in good agreement (surface formzl potentials

within ca 20 mV) with the corresponding information obtained from conventional

’

electrochemistry.

These recent findings regarding redox equilibria have led us toc consider

ways in which SERS can be utilized to probe the redox reactiviiy of molecules

at metal surfaces. Two general approaches can be envisaged. The first involves

conitering the time dependence of the adsorbed reactant (or product) concentration

in response to & rapid electrochemical perturbation. Such experiments are

e
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ezsil.e using an array cetector system as emploved in our laboratory (PAR OMA-2).
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However, the experiments reported here employa simpler approach, involving

monitoring the SER spectra at a rotating disk electrode s a function of
pctentizl. Cobalt(lII) and chromium(IlI) reactants were chosen that exhibit
totally irreversible electroreductions at silver electrodes under these
conditions. 1In other words, the rctating disk voltammograms for these systems
are controlled bty the heterogeneous electron-transfer kinetics zlong with mas§
transport of the reactant to the electrode surface. This leads to the following
analysis.

The reactant concentration close to the electrode surface, Cs’ (i.e. the
three-dimensional concentration just outside the double layer) will progressively
decrease relative to the bulk concentration, Cb’ on the rising part of the

. . 11,12
voltarnetric wave according to "’

C, = ¢l - /4] 69

where i is the current density at a given potential, and i] is the mass
trensport-limited current density. The integrated intensity of a given Raman
band for an adsorbed species, ISER’ is expected to be roughly proportional to
its (two-dimensional) surface concentration, Ts, at the SERS-active surface
sites. As the reaction rate at these sites increases, the steady-state value

of Ts and hence I will decrease. Provided that the reactivity of the SERS-

SER
active adsorbate does not differ from that associated with the remaining
surface sites, these decreases in rs will occur uniformly across the surface.

1f Ts is in turn proportional to Cs (i.e. Henry's Law applies) then

Iopr = Igpr[(dy - 1)/4y] | (2)
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:Q?? The quantity IEER is the velue of ISER that would be cbserved in the absence
ﬂiﬂ; of an electrode reacticn, (i.e. when i = 0). Tnis should be approximated by
:tﬁ' the value of ISER at the foot of the voltammetric wave, where Cs = Cb'

;S&E Consequently, the comparison between the potential dependence of ISER and

ﬂig the corresponding current-potential curves in terms of Eq. (2) should provide"
“ useful insight into the relative redox reactivities of molecules at SERS-active

g and ~-inactive sites.

};53 Experimental

N

:&: The rotating silver electrode had a disk radius of 0.2 cm, surrounded by
i&i a teflon sheath of radius 0.6 cm. The electrode was mechanically polished on
iiﬁ a wheel successively with 5, 1, and 0.3 pm alumina immediately prior to use.
ﬁi} A conmpact electrode rotator of in-house design was utilized, featuring a

(:? photodiode speed controller. The cell was of conventional design, with a window

at the base through which the krypton laser beam (647.1 nm, 100-300 mwW power)
focussed on the electrode surface. The cell was tilted so that the scattered
light could be collected at 90° to the incident beam and about 60° to the

electrode surface using a SPEX Triplemate/PAR OMA-2 photodiode array detector

system. This enabled sequential Raman spectra to be recorded rapidly, each

being obtained by signal accumulation for 1-5 seconds so to yield suitably

large signal-to-noise ratios (2 5-10) at the peak frequencies for the

AT A
L

: : relevant SER bands. Simultaneous SERS- and rotating disk current-potential
. data could easily be obtained throughout the voltammetric wave within

Fld .

i:j a time-scale (30-60 seconds) where the faradaic currents were reproducible
oty o

E:; and essentially no laser photolysis occurred.

6? furcher electirochemical and chemical details for the systecs studied
Lo

’éi; nere gre given elsewhere.8_13 Representative spectra are given in refs. 7
Eg and &. All electrode potentials are quoted versus the saturateé calomel
-!%% c.ectrede (s.c.e.)
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2% Results and Discussion
M
:f} Three model reactions were examined in this studv., The first involves
N
t the one-electron reduction of hexaamminecobalt(III) &t silver. This reaction is
"-'.
:?} totally irreversible since the Co(II) product rapidly zquates to vield
N 2% . . o 4. 13
e Co(OHZ)6 which cannot recxidize except at extreme positive potenrizls.
.
The electroreduction mechanism is expected to be outer-sphere since Co(NH3)2
:jﬂj is substitutionally inert and lacks ligands capable of binding to the electrode
’tij surface. Indeed, after double-layer corrections its electroreduction
iy N : o eoq 11,12
{. kinetics are essentially independent of the electrode material. In
o perchlorate or hexafluorophosphate electrolytes at silver, well-defined
o rotating disk voltammograms are obtained with half-wave potentials, £1/2’
> : . , +
. around =400 to -450 mV. Not surprisingly, no SER signals for Co(NH3)2
A were detected using these electrolytes.
a
o However, the addition of even small concentrations of chloride to acidified
(A_ 0.1 }gl\aClO4 produced sizable positive shifts in El/Z for Co(NH3)2 redvcticn.
~"
Ejz No further changes were seen for chloride concentrations above ca 0.5 mM;
‘i-:: the El/’ shift (ca 300 mV) corresponding to rate increases at a given potential
W, 4 14
s of around 10 .l This catalytic influence of chloride can be accounted for
-~
oty . . + .
e quantitatively by the enhancement of the Co(NH3)2 concentration at the outer
oy
{i;f Helmholtz plane (o.H.p.) caused by chloride specific adsorption.15 Most

significantly for the present purpose, easily detectable SER spectra are

obtained for Co(NH3)2+ under these conditions.7 Spectral bands observed include

the symmetric N-H stretch at 3200 cm—l, and the A1g and Eg Co~N stretching
17

i
]
¢

v modes at 515 and 450 cm ~.° (Some mild roughening of the silver via an

...':‘.4": 5

‘o oxication-reduction cycle in chloride media is necessary to optimige the Raman
Y3 Y 3 P
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signal intensity. This nas little effect on the electreccheniczl, including

kinetic, properties of the surface bevoné that resulting from a ca 1.5-2

i~ RECRRARS

c e s . . . . 4
jpcy feld increase in the microsceopic electrode arez., )
::.\..
N Figure 1 conteins plots (dashed curves) of the relative integrated
‘o intensity of the A, mode, ISER’ against the electrode potential for a pair

( 1g

of rotation speeds, 800 and 1600 r.p.m. The solution contained 1 m Co(NH3)2+
-};: in 0.1 M NaClO4 + 0.01 M NaCl, with 2 mM HClO4 to avoid hyvdrolysis of the Co(II)

product. The values of ISER at the least negative potentials (+50 to =100 mV)

af - -
LD
-~

A A

v
.

are normalized to the values of i] at these two rotation speeds; the corresponding

¥
¥
f
s
a .
AN A

;E : i-E curves are also shown (solid curves) in Fig. 1. (In actuzlity, the values
i;': of ILER in the region +50 to -100 mV are independent of rotation speed.)

323 Compzrison of the corresponding ISER-E and i-E curves reveals that somewhat
ISES different behavior is encountered than that predicted by Eg. (2) in that the
N decreases in ISER only commence at potentials close to the top of the

voltammetric wave, where i 2 0.9 i] (Fig. 1). For example, according to

- ) -] P = . .
£q. (2), ISER should equal 0.5 ISER at i = 0.5 i (1.eiAat 51/2)’ whereas

S . . = ° .
,i). in actuality ISER ISER at that point.

st R

{?: This apparent discrepancy can nonetheless be reconciled by noting that at
A
f}fﬁ potentials where ISER 2 IgER (2 =110 mV), the current is virtually independent
éf‘

of rotation speed, even though a sizable variation in Cs is expected on the

[y
.
clee e

basis of Eq. (1). Since it is expected that the current will be proportional

,.
LR
P

3 [}
@

to Fs at a piven electrode potential, this result suggests that Fs is virtually

e e e R
atatat,

independent of, rather than proportional to, Cs as is assumed in the derivation

of Eq. (2). (In other words, the apparent reaction order, x, approaches zero,

Ay
e

. , . - 12
rather than equalling unity as expected under Henrv's Law conditionms. Values
] g y P 3
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cf x in the region ca 0.1-0.3 are obtained from an analysis of the dependence

cf the voltazmograms upon rotation speed from 400-2,500 r.p.m.) This is

3+ . .
consistent with values of T for Co(NH3)6 that sre sufficiently large so as
s
. . -10 -2 .. :
to epprcach saturation (Ts ~ 10 mol cm "), thereby zccounting both for the

large cztalyses seen upon adding chloride and the appearance of the SERS
signals. (Note that the reaction rate, and hence i, will be proportional to

. . . -11 -2
T .) Indeed, values of T approaching saturation (ca 2 x 10 mol cm )
s s

. . . s . +

are cdetermined directly from rapid scan cyclic voltammetry for Co(NH )3

+ . . . s . :
Ru(NHB)g at silver in chloride-containing media,even for very small values
of Cs (0.05 =mM)." Conseguently, TS should remain virtuzlly constant at values
epproaching saturation until Cs << Cb’ corresponding to i 2 0.9 i.l [Eq. (1)].
The observation that ISER only decreases around this point clcse to the top of
the voltemmetric wave is therefore wholly consistent with the electrochemical
e s S . . 3+
pehavior. This therefere suggests that the reaction energetics for Co(NHB)
et the SERS-active sites do not differ noticeably from those at the sites

predominantly responsible for the overall reacticn rate.

The second reaction studied, Cr(NH3)5Br2+ reductioﬁ, was chosen since,
unlike Co(NH3)2+ reduction, it proceeds at silver via a well-defined inner-
sphere pathway where the bromide ligand binds the reactant directly to the
metal surface.9 Diagnostic criteria supporting this mechanism include the
rate decreases observed for Cr(NHB)SBrZ+ reduction at silver upon the addition

. . 9 , ,
of chloride anions. This contrasts the large rate increases noted above for

Co(NH3)2+ reduction and other outer-sphere reactions.g’12 A ﬁetal-ammine

stretching mode, VM is observed (450 cm_l) in the SER spectra for Cr(NH

30537
in percnhlorate media, along with a surface-bromide stretching mode at 160 cm-l

. . L : 7 .
theredy confirming the mode of attachment to the silver surface. Similar to

) e i * . .. " . ..' ‘."." . '-' -t .' L S -.. « .-.I - - - - hd - -\—\—.. - ~\‘ .
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2+ . A s
Co(N33)2+, the reducticn of Cr(NH3)5Br is irreversible due to the lzbility cf

Cr(1i), leading to & lecss of the Vang band. FReoxidation of Cr(Il) o=znly
o
. o ; . - 2+ . .
cccure &t petentials well positive of those for Cr(hn3)53r reduction, end
therefore does not influence the cathodic voltammogram.
Figure 2 shows a typical plot of I

of the v band for adsorbed

SER MXN

Cr(IiH3)sBr2+ against electrode potential (dashed curve) at a rotation speed
cf 800 r.p.m., along with the simultaneously recorded voltammogram (solid
curve). As in Fig. 1, the ISER-E and i-E curves are normalized to one another.
Both the SER spectra and the reduction currents on the rising part of the wave
were somewhat t;me dependent; smaller values of i and ISER were obtained when
returning from more negative potentials. The data in Fig. 2 are an average of
several runs. Nevertheless, the results stand in sharp contrast to those in
Fig. 1 in that ISER drops sharply to zero at potentials close to the foot of
the wave, where i/i] < 0.3.

These results are clearly at variance with the predictions of Eq. (2),
in the opposite direction to those for Co(NH3)2+ reduction. In contrast to

the latter, the former cannot be rationalized on the basis of fractional

electrochemical reaction orders since this only increases the discrepancies

between the SERS and electrochemical data. Indeed apparent reaction orders
somewhat below unity (ca 0.5-1) were obtained for Cr(NH3)5Br2+ reduction.
The ISER_E data for Cr(NH3)SBr2+ reduction therefore suggest that the
adsorbate present at the SERS-active sites is reduced at noticeably smaller
overpotentials, i.e. has a greater reactivity, than the prevalent adsorbate

which is responsible for the i-E curves.
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;;~ In order :to examine this matter further, we undertook a simpilar
2;; comparison for Cr(I\"z-I3)5NCS2+ reduction. Llike Cr(NH3)SBr2+ reduction, this
i{ reacticn proceeds via an irreversible inner-sphere mechanism since the remote
::E;f.: thiocyanate sulfur binds strongly to the silver surface. s The SERS Vaog mode
;?é for Cr(NH3)5NCS'+ (450 cm-l) is rather weak, making it unsuitebtle feor
wi monitoring the adscrbate concentration. Nevertheless, the C-N stretching
;;F mode, Vex? is suitably intense for this purpose. Although the thiocyanate
b ligand released upon formation of Cr(1I) is also adsorbed and exhibits a
\j;_ SERS VeR band, its intensity is ca 5 to 10-fold weaker, and occurs at
sii frequencies about 20 cm‘1 lower than Vex for adsorbed Cr(NH3)5NCS2+ at the
Eﬁi potentials (ca -600 mV) where Cr(NH3)5NCS2+ reduction commences.8 Consequently,
_:;, the reduction of adsorbed Cr(I\'HB)SNCS2+ can be followed either from the intensity
‘E$5 decreases,or from the decreases in the peak frequency of the v band.
s
RN Figure 3 contains a plot of the integrated intensity of the Vex band, ISER’
D against electrode potential (dashed line) along with the corresponding
;Si; voltammogram at 800 r.p.m. (solid curve) for Cr(NHB)SNC82+ reduction (c.f.
ff? Figs. 1, 2). Similar to Cr(NH3)sBr2+ reduction, the SER signal for adsorbed
>
E:f . Cr(II1) is almost entirely lost at the foot of the voltammetric wave, i.e.
;§3 for i/i] s 0.2. It might be argued that this decrease in ISER results from a
-ﬁél potential dependence of the surface Raman scattering efficiency or from
;“E reactant desorption rather than from reduction of Cr(NHs)SNCSZ+. Indeed ISER
Effi is somewhat potential-dependent in the region well positive of the voltammetric
:;E wave (Fig. 3) as in ISER for Cr(NH3)SBr2+ (Fig. 2). However, strong
:i;i evidence against these possibilities is provided by the corresponding
.§S; plot of the peak frequency, Ven? against electrode potential (the dotted-
‘;S; Zazshed curve in Fig. 3). Thus the sharp decrease in ISER cver
gg; thie potential region =500 to -600 mV coincides Qich a marked change
o
'.a_:.
o
0.
2
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in ~ from 2125 to 2090 cm-l, consistent with complete reduction of adsorbed
“CN

ﬁ - o . . o . - -
Y Cr(NH.) NCS“+ to form WCS .8 This result is especizlly striking since zpperent
o r(Niq)g

'!jﬁ rezction orders arprcaching zero (s 0.3) are cbrained from the rotetion

R . et . , 9
oo speed-dependent voltammograms for Cr(hﬂs)shCS reduction at silver.” As
A -
- for Co(fH3)g+ zbove, such fractional reaction orders are consistent with
N

adsorbed reactant coverages that approach a monolayer, as is indeed found

i;z; (Ts ~ 2% 10-lO mol cm-z) from rapid cyclic voltammetry.g’lo On the basis of
EEE? the arguments presented above, the ISER-E end i-E curves for Cr(NH3)5NCS2+

-f\- reduction also differ very mzrkedly with the prediction of Eq. (2).

iiﬁE Rotating-disk voltammograms were recorded both in the absence and

%Si; presence of laser illumination. Although virtually identical voltammograms
f:: were obtained, small additional cathodic currents (v 20 LA cm-z) were detected
;i? ) during laser irrzdiation. These photocurrents are only mildly dependent on
o

o

; the electrode potential, and were observed even at potentials well positive

(.__ of the rising part of the voltammograms, i.e. where potential-independent
é?i ‘ SERS intensities are obtained and the thermal electroreduction currents

';Ej are undetectably small. The photocurrents are only observed in the presence
P of high reactant surface concentrations. The possibility that the effect
:{;é is due to enhancement of the thermal electrochemical kinetics by surface

A

j;ﬁi laser heating was considered. However, this was eliminated both on the

S%’ basis of the above evidence and model calculations (as described in ref. 16)
o

'Ei? wvhich indicate that the laser-induced temperature rise at the silver surface
-EE; was negligible (s 1°C) under the conditions employed. Further'study of

g}{ the effect has led us to identify it tentatively as photoemission involving
ﬁ;ﬁ photoreduction of the adsorbed reactant. Detazils will be given elsewhere.17
-ZSS For the present purposes, it is important to note that the photocurrents

do not appear to be connected with either the electrcreduction pathways
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as monitored by the rotating-disk voltammetry, or with the potential
dependence of the SERS intensities.

2+ and

The present results therefore indicate that both Cr(NH3)53r
2
Cr(NHB)SNCS"+ adsorbed at SERS-active sites urndergo noticeably more
facile electroreduction than the majority of the adsorbate. This

finding contrasts that obtained for the outer-sphere reduction of

Co(NH3)63+ where the SERS-active species display reactivities more
representative of the overall surface. Therefore such reactants bound
directly to SERS-active sites are perturbed energetically in & menner
which is not observed for unbound reactant. This is consistent with

the observation that linear sweep voltammograms for reduction of adsorbed

Cr(NH3)5N052+ and related complexes at silver yield unexpectedly broad

9,10,16

reduction peaks, A typical such voltammogram is shown in Fig. 4

. - -1
(solid curve); under the conditions chosen (sweep rate = 50 v sec ",

reactant concentration = 50 uM) the current for Cr(NH3)5NC52+ reduction
arising from diffusing reactant can be neglected. Vefy similar voltammograms
were obtained for smooth electropolished and electrochemically roughened
(i.e. SERS-active) electrodes, save from the ca 1.5 to 2 fold higher
currents for the latter associated with the larger effective electrode
area. Although the cathodic reduction peak is somewhat ill-defined, it is
substantially broader than that expected (half-peak width ca 125 mv.lg) for
a8 surface where 21l the adsorption sites are energetically qu?valent.

This result, which is typically obtained for adsorbed Cr(II1I) and

Co(I1l) reactants at polycrystalline surfacesg’lo 2,18

but not at mercury,
suggests that a polycrystalline metal provides a number of surface binding
sites with significantly different electrocatalytic properties. Presumably

the currents at the foot of the steady~-state voltammetric waves in Figs. 2

ané 3 zre associated with reduction of adsorbate at the most catalyrtic sites

: PIPCIR UTURN C SIL LR LHOR, § G A S vy Wy ¥ YA ‘a".‘;'h:.'\':.":l\i'bn e L AN A A fa A A R T
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vhich also contribute predominently to the SERS signals. 1In this regard

el i,

it is interesting to note that the cyclic veltammetric reduction wave for
. . - e : .
zdsorbed Cr(hn3)5hcs (Fig. 4) also commences bevond -600 zV, although
L
L
cozparison with the steady-state voltammetric currents in Fig. 3 is 1
[
¢ifficult given the different solution conditions. The occurrence of . ]
such "active sites" for the present ligand-bridged reactions requires !

that the unimolecular rate constants for the adsorbed reactants are 3

sensitive to the substrate structure. Such a dependence is indeed !
indicated from experimental data.9 Although it is difficult to estimate
the fraction of the overall adsorbed reactant bound to such SERS-active
sites, on the basis of the present evidence it is liable to be small,
probably less than 5%.

The observed electrocatalytic potency of the SERS-active sites is
not entirely unexpected given the likelihood that particular surface
morphologies, such as surface metal defects or clusters, contribute
importantly to SERS.l’2 Such sites should bind strongly to incoming
reactant, and are anticipated to yield especially large'unimolecular
rate constants and therefore enhanced overall reactivities for inner-sphere
electron transfer,9 as observed. Whether or not these results portend
wvell for the applicability of SERS to surface reaction dynamics is a
somewhat subjective issue at this point. Regardless, the utilization of
rapid photodiode array detectors to gather time-resolved SER spectra in

conjunction with transient kinetic experiments should yield fiesh

perspectives into the molecular basis of heterogeneous catalysis.
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Fipure 1

Figure 2

Figure 3

3+
)6

Plots of current density, i, for Co(NH reduction at a rotating

3

silver electrode against electrode potentizl, E, (solid curves)

compared with corresponding plots of integrated intensity, ISER’
III

of SERS Co -NH3 stretching mode (515,cm_l) against E (dashed

curves). Solution contained 1 qg Co(NH3)2+ in 0.1 M NaClO4 +

0.01 M NaCl + 2 mM HClOA. Lower curves: 800 r.p.m.; Upper

curves: 1600 r.p.m. rotation speed. Maximum values of ISER

(arbitrary scale) set equal to maximum values of i at the same

rotation speed. Uncertainties in ISER values typically less than 5-10%.

Plot of current density, i, for Cr(NH3)53r2+ reduction against

electrode potential, E (solid curve), in comparison with integrated

o» Of SERS c~.-nI—NH3 stretching mode (450 cm 1)

against E (dashed curve). Solution contained 3 mg.Cr(NE3)SBr

intensity, ISE

2+

in 0.1 M NaCl0, + 5 mM NaCl + 2 mM HClOa. Silver electrode was

A

rotated at 800 r.p.m. Maximum value of ISE set equal to maximum

R

value of 1i.

Plot of current density, i, for Cr(NH3)5NCS2+ reduction against
electrode potential, E (solid curve), in comparison with integrated

intensity, ISER’ of SERS C-N stretching mode (2090 - 2130 cm-l)

against E (dashed curve). Solution contained 1.2 mM Cr(NHB)SNCS2+
in 0.1 M NaCl0, + 5 mM NaCl + 2 mM HCLO,. Silver electrode was
rotated at 800 r.p.m. Maximum value of I set equal to maximum value

SER

of i. Dotted-dashed curve is corresponding plot of peak frequency
of C-N stretching mode, Vex? (right~hand v axis) against electrode

potential.
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Figure &

Cathodic-anodic cyclic voltammogram (solid curves) for reduction
of acdsorbed Cr(NH3)5NCS2+ at silver electrode. Electrolvte
conditions as in Fig. 3 except that Cr(NH3)5NCS2+ concentration
was 50 uM; electrode was electropolished as in ref. 15. Sweep

-1 o i .
rate was 50 v sec . Dashed curve is corresponding voltammogram

obtained in absence of adsorbed reactant.
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